Using systematic evolution of ligands by exponential enrichment (SELEX), an RNA molecule was isolated that displays a 1,000-fold higher affinity for guanosine residues that carry an N-7 methyl group than for nonmethylated guanosine residues. The methylated guanosine residue closely resembles the 5 terminal cap structure present on all eukaryotic mRNA molecules. The cap-binding RNA specifically inhibited the translation of capped but not uncapped mRNA molecules in cell-free lysates prepared from either human HeLa cells or from Saccharomyces cerevisiae. These findings indicate that the cap-binding RNA will also be useful in studies of other cap-dependent processes such as premRNA splicing and nucleocytoplasmic mRNA transport.
The cap structure that is present at the 5Ј end of eukaryotic mRNAs consists of a methylated guanosine residue that is linked to the penultimate nucleotide of the RNA through an inverted 5Ј-5Ј triphosphate linkage (1, 2) . This unusual linkage of the cap structure to the 5Ј end of the mRNA contributes to the stability of the RNA, protecting the 5Ј end against attack by exonucleases and phosphatases present in the cell (3) .
Both in the nucleus and in the cytoplasm, distinct capbinding protein complexes assemble at the cap structure. In the nucleus, cap-binding protein complexes are required for efficient splicing of pre-mRNAs in mammalian cell extracts (4) (5) (6) (7) and in Xenopus oocyte nuclei (8) . Specifically, one nuclear cap-binding complex is required for the recognition of the 5Ј splice site of the 5Ј proximal intron by U1 small nuclear ribonucleoprotein (9, 10) . Nuclear cap-binding complexes have also been implicated in the export of mRNAs from the nucleus into the cytoplasm (11) (12) (13) . In the cytoplasm, capbinding complexes, distinct in their composition from nuclear cap-binding complexes, have long been known to have important roles in the initiation of mRNA translation (2, 14) . For example, there is considerable evidence that eukaryotic initiation factor 4G (eIF-4G), a component of the cytoplasmic cap-binding protein complex, interacts both with factor eIF-4E, which binds to the 5Ј terminal mRNA cap structure, and with factor eIF-3, which is associated with the small 40S ribosomal subunit. It has been proposed that the simultaneous association of eIF-4G with eIF-4E and eIF-3 allows the recruitment of 40S subunits onto the mRNA (15, 16) .
Although these biochemical approaches have revealed substantial information about the interactions of cap-binding complexes with both the cap structure and with other proteins known to be required for cap-dependent processes in vitro, the interactions that govern cap-dependent mechanisms inside cells have been difficult to study. This has been due to the inability to introduce cap analogs or other inhibitors that interfere with cap-dependent processes into eukaryotic cells, with the exception of Xenopus oocytes (see above). Here, we report the isolation of a short RNA molecule that binds with high affinity to the 5Ј terminal cap structure on mRNAs. Interaction of the RNA with the mRNA cap results in the selective inhibition of cap-dependent translation, probably by competition with the cytoplasmic cap-binding protein complex for binding to the cap structure. Selected cap-binding RNAs could be expressed in eukaryotic cells and used to inhibit cap-dependent processes.
MATERIALS AND METHODS

Selection of RNAs That Bind to 7-Methyl GTP (m 7 -GTP).
The template DNA used for the synthesis of the initial random RNA population was constructed with oligonucleotides S5P1 (5Ј-CTGAATTCTAATACGACTCACTATAGGGCGAAT-TGGAGCTCGCTAGCCTT-3Ј), S40N1 (5Ј-TGGGTACC-GTCGACATCCGAATGCC(N 40 )AAGGCTAGCGAGCT-CCAATTCGCCC-3Ј), and S3P1 (5Ј-TGGGTACCGTCGA-CATCCGAATGCC-3Ј) (17) . S40N1 contains 40 nt of randomized sequence (N 40 ) flanked on either side by 25 nt of fixed sequence. Oligonucleotide S3P1 contains the 5Ј terminal fixed sequences present in S40N1. Oligonucleotide S5P1 contains sequences for a promoter of T7 RNA polymerase (shown in italics) followed by fixed sequences that are complementary to the 3Ј terminal 25 nt in S40N1. The fixed sequence elements further harbor restriction endonuclease sites for SacI and KpnI (underlined) that were used to clone individual amplified DNA sequences. All three oligonucleotides were annealed, and DNA sequences were amplified by PCR. Only three PCR cycles were used initially, so as not to reduce the sequence complexity of the random pool due to preferential amplification of sequences by the Taq DNA polymerase. A pool of Ϸ10 13 DNA molecules was then transcribed by T7 RNA polymerase (see below) to generate a random pool of 90-nt RNAs. Prior to rounds one, two, and three, the systematic evolution of ligands by exponential enrichment (SELEX) RNAs were first passed through a 2 ml Sepharose 4B (Sigma) column to remove RNA species with affinity for the resin. Unbound RNAs were then incubated with 0.1 ml m 7 -GTP Sepharose-4B (Pharmacia), equilibrated in binding buffer (100 mM Hepes-KOH, pH 7.0͞5 mM MgCl 2 ͞5 mM KCl͞300 mM NaCl) for 1 hr at 4°C. The resin was then washed with 40 column volumes of binding buffer, and the bound RNAs were eluted with 16 mM m 7 -GTP (Sigma) in binding buffer. In all subsequent cycles, SELEX RNA-bound columns were eluted with 16 mM GTP (counter-SELEX) prior to elution with m 7 -GTP. The eluted RNAs were reverse transcribed by avian myeloblastosis virus reverse transcriptase (80 units) (GIBCO͞ BRL) using primer S3P1 in 50 mM Tris⅐HCl (pH 8.3), 6 mM MgCl 2 , 40 mM KCl, 10 mM DTT, and 0.5 mM dNTPs for 3 hr at 43°C. The cDNA molecules were then amplified by PCR, purified by electrophoresis through polyacrylamide gels, eluted, and transcribed in vitro using T7 RNA polymerase to synthesize the SELEX RNA pool for the next round of selection. After the eighth selection cycle, the PCR-generated 115-bp cDNA fragment was isolated from polyacrylamide gels and digested with KpnI and SacI. The fragments were ligated to a 2.8-kb pGEM 3 vector-derived DNA fragment which had been digested with KpnI and SacI. C600 Escherichia coli cells were transformed and plasmids from individual bacterial clones were subjected to dideoxynucleotide sequencing (Sequenase kit; GIBCO͞BRL).
In Vitro RNA Synthesis. Approximately 3-5 g of the SELEX cDNA, linearized with BamHI, were incubated in transcription buffer {8 mM Hepes-KOH, pH 7.5͞1.2 mM MgCl 2 ͞0.2 mM spermidine͞40 mM DTT͞100 units RNasin͞ 1.8 mM NTPs͞30 Ci [␣-
32 P]UTP (800 Ci͞mmol; 1 Ci ϭ 37 GBq)͞2.5 units yeast inorganic pyrophosphatase (Sigma)͞10 g/ml T7 RNA polymerase (gift from B. Burnett, University of Colorado Health Sciences Center)} at 37°C for 4 hr. The reactions were then incubated with 3 units of DNase RQ1 at 37°C for 15 min. After extraction with phenol͞chloroform and precipitation with ethanol, RNA was resuspended and fractionated through a G25-Sephadex column to remove unincorporated nucleotides. Similarly, large quantities of selected RNAs R8-35 and R0-1 were made in this way, except that those RNAs were further purified by electrophoresis on a 5% polyacrylamide͞7 M urea gel as described (18) . The isolated RNAs were quantified by measuring the A 260 (40 g͞ml per A 260 unit).
The luciferase (LUC) reporter mRNAs were generated from the plasmid pT7LUCpA (19), linearized with HpaI or BamHI such that the 3Ј terminal RNA sequences contained or lacked polyadenosine residues, respectively. Capped mRNAs were synthesized in the presence of cap analog m 7 GpppG (New England Biolabs) that was added at a 5-fold higher concentration than GTP to the transcription reactions. Unincorporated cap analog was removed by precipitation with ethanol and fractionating the reaction mixture twice with G25-Sephadex columns. The bicistronic mRNA m 7 -CAT͞Bip͞ LUCpA was expressed from plasmid pT7-CAT-Bip-LUCpA (20) linearized with HpaI. The integrity of the mRNAs was monitored by electrophoresis on agarose or denaturing polyacrylamide gels.
Determination of Binding Constants. Five micrograms of 32 P-labeled R8-35 SELEX RNA was incubated with 100 l of m 7 -GTP-Sepharose 4B at 4°C for 2 hr. The unbound RNAs were removed from the reaction by washing the resin with 40 column volumes of binding buffer. The R8-35 RNA-bound Sepharose resin was then divided into five equal aliquots. Increasing amounts of various nucleosides and nucleotide analogs (see Table 2 ) were added to the RNA-bound resin in a total volume of 200 l of binding buffer. After incubation on a rotator at 4°C for 12 hr, the Sepharose beads were sedimented, and the radioactivity in the supernatant was determined by liquid scintillation counting. The RNA concentration needed to elute 50% of the bound RNA was determined (i.e., IC 50 ).
Enzymatic Probing of RNA Structures. Structural probing of the R8-35 SELEX RNA was performed with 5Ј end-labeled RNA as described (21) , except that tRNA (1 g͞l) was added to the reaction mixtures. RNases A, T1, T2 and cobra venom RNase 1 were employed in these experiments.
Preparation of Translation Lysates. The HeLa cell S10 and yeast S30 translation lysates were prepared as described (19, 22) .
In Vitro Translation Assays. Increasing amounts of various SELEX RNAs were pre-incubated with capped or uncapped LUC mRNA on ice for 10 min. The translation extracts and buffers were added and the incubations were continued for 45 min either at 30°C (for HeLa lysates) or at room temperature (for yeast lysates). The concentrations of LUC reporter mRNAs in the HeLa lysate reactions (40% vol͞vol) (22) and the yeast S30 lysate (50% vol͞vol) reactions (19) were 40 M and 25 M, respectively, in 15 l reaction mixtures. The reactions were stopped by placing on ice. Polypeptide synthesis was monitored by measuring LUC activity (23) .
Ribosome Binding Assays. Twenty-five micrograms of capped LUC transcripts lacking poly(A) tails were 3Ј endlabeled using 60 Ci of [ 32 P]pCp (3,000 Ci͞mmol) and 100 units of T4 RNA ligase (New England Biolabs) and an incubation period of 30 min at 37°C according to the manufacturer's recommendation. The end-labeled RNAs were then extracted with phenol͞chloroform and precipitated with ethanol. Unincorporated pCp was removed using G25-spin columns. Ribosome binding assays were performed as described using yeast S30 lysates and labeled RNA in a total volume of 50 l (24). The buffer conditions were the same as in the translation reactions, except that 1.2 mM cycloheximide, 8 mM GMP-PNP, 5 mM m 7 -GTP, or 5 mM EDTA was added as indicated. Brief ly, reactions were pre-incubated without mRNA for 5 min at room temperature. Then reporter mRNAs, which were pre-incubated with or without the SELEX RNAs for 10 min on ice, were added to yield a 25 M final concentration. The incubation was continued for 20 min at room temperature. Finally, 100 l of cold buffer A [30 mM Hepes-KOH, pH 7.4͞100 mM KOAc͞23 mM Mg(OAc) 2 ͞2 mM DTT] containing 0.25% glutaraldehyde was added, and the reactions were incubated on ice for 5 min. The reactions were then layered on 10 ml linear 10-30% sucrose gradients in buffer A. The gradients were harvested after centrifugation in a Beckman SW41Ti rotor at 40,000 rpm for 130 min at 4°C. Fractions (0.65 ml) were collected from the bottom of the gradient, and the radioactivity in the samples was determined by liquid scintillation counting.
RESULTS
Rationale. The SELEX procedure is a powerful approach to isolate RNA ligands with high affinities for a variety of molecular ligands (25, 26) , including nucleotides (27) . The finding that an RNA molecule could be isolated that bound with 10,000-fold higher affinity to theophylline than to caffeine (28) , which differs from theophylline only by the presence of a methyl group at nitrogen atom N-7, prompted our efforts to isolate an RNA molecule that could bind with higher affinity to m 7 -GTP than to nonmethylated GTP. The goal was to identify an RNA species that could bind to the 5Ј end of methyl-7-guanosine-containing mRNAs in eukaryotic cells. In principle, such an RNA could sterically interfere with capdependent processes such as pre-mRNA processing, nucleocytoplasmic mRNA transport, and translation of mRNAs. Selection of a Cap-Binding RNA. m 7 -GTP-Sepharose 4B was chosen as the target for the selection because it resembles the 5Ј cap structure and has been successfully used to isolate eIF-4E, the cap-binding protein, from rabbit reticulocyte lysates (29) . Table 1 summarizes the ligand-binding properties of 90-nt RNAs that originally contained 40 nt of random sequence, through eight rounds of selection. Less than 1% of the RNA molecules in the pool bound to the resin in the first round of selection. The RNAs that bound to the resin in the second round of selection were first eluted with GTP; this process, known as counter-SELEX, is used to increase the specificity of the selection process (28) . In this way, RNA species that recognize determinants of the GTP moiety of m 7 -GTP should have been removed. The RNA population that remained bound to the resin was then eluted with m 7 -GTP and processed for the next round of selection. More than 80% of the in vitro-synthesized RNA pool bound to the resin after six rounds of selection, suggesting that the transcribed pool of RNA was enriched for RNAs that interacted specifically with m 7 -GTP. After eight rounds of selection, individual cDNAs were cloned from the PCR-amplified cDNA pool and the nucleotide sequences of 52 individual inserts were determined. RNAs were transcribed, and the effects on translation of uncapped and capped mRNAs were determined (see below). This analysis revealed that all selected RNAs inhibited translation of a capped reporter mRNA by 30-60% (not shown). Two RNAs, R8-35 and R8-50, which differed only by a single nucleotide (nucleotide number 38 in R8-50 is a cytidine; Fig.  1 ) inhibited cap-dependent translation by 90% (see below). RNA R0-1 and R0-8 were cloned from the unselected pool; their effects on translation is shown below. First, R8-35 was chosen for a more detailed examination of its biochemical and biological properties.
Predicted RNA Structure of the Cap-Binding SELEX R8-35 RNA. The Wisconsin GCG RNA FOLD program was used to predict the secondary structure of R8-35 RNA. Fig. 1 shows that R8-35 could be folded into a long hairpin structure with several internal bulges and loops and a predicted free energy of ⌬G ϭ Ϫ22.5 kcal͞mol. To test the validity of the predicted structure, radiolabeled R8-35 RNA was treated with a number of different nucleases that are predicted to cleave either single-stranded (RNases A, T1, T2) or helical (cobra venom RNase 1) regions in RNA. The sites in the RNA that were susceptible to nuclease cleavage were determined; the susceptible nucleotides are marked in the computer-predicted RNA structure shown in Fig. 1 . Overall, the data obtained from nuclease digestions supported the computer-predicted structure. Curiously, cytidines 47, 48, and 49, predicted to reside in a large single-stranded loop, were not cleaved by RNase A, suggesting that the large single-stranded loop contains secondary or higher order RNA structure. However, substitution of these residues did not affect the biochemical and biological properties of R8-35 RNA (data not shown). Also, the observed susceptibilities of guanosines 55 and 56 to single-stranded nucleases suggest that alternative RNA conformations exist.
Affinity of SELEX RNA R8-35 for the Cap Structure. Competition binding analysis was used to determine the relative affinities of various nucleotides for SELEX RNA R8-35. The IC 50 , or concentration of competitor at which the binding of R8-35 to m 7 -GTP-Sepharose is 50% competed, should be equal to the dissociation constant if the inhibitor binds competitively to one site on m 7 -GTP. The IC 50 of R8-35 RNA for m 7 -GTP, a compound closely resembling the cap structure, was 0.5 M (Table 2 ). In contrast, the IC 50 of R8-35 for GTP was Ϸ1,000-fold higher. Thus, the R8-35 RNA can distinguish at the molecular level between two very similar molecules, m 7 -GTP and GTP, which differ only by the presence of a methyl group and a positive charge at the N-7 atom of guanosine. Similarly, the R8-35 RNA bound with apparently higher affinity to m 7 GpppG, m 7 GpppA, and m 7 -GDP than to nonmethylated compounds such as GpppG, dGTP, GMP, ITP, CTP, UTP and ATP (Table 2) . Curiously, the base guanosine by itself appeared to have higher affinity to R8-35 than the various nucleoside tri-, di-, and monophosphates ( Table 2) .
The dissociation constant of the cap-binding protein eIF-4E for m 7 GpppG is Ϸ5 M (30). Because SELEX RNA R8-35 displays a similar affinity for the cap structure, it is predicted that SELEX R8-35 RNA would compete with eIF-4E for occupancy at the cap structure. The outcome of this competition could lead to interference of cap-dependent translation.
The Cap-Binding RNA Inhibits Translation of Capped mRNAs. The effect of Selex RNA R8-35 on the translation of capped and uncapped LUC-encoding reporter mRNAs was tested in a translation-competent lysate prepared from human HeLa cells (22) . Fig. 2 shows that the addition of a 5-fold molar excess of R8-35 RNA (i.e., 200 M) over the reporter mRNA inhibited the translation of capped mRNA by Ͼ80% (Fig. 2 A) but had no effect on the translation of uncapped reporter mRNAs (Fig.  2B) . Control RNAs were chosen from cDNAs cloned randomly from the starting pool of unselected clones. Selex RNA R0-1 did not inhibit translation of capped mRNAs (Fig. 2 A) and slightly stimulated translation of uncapped mRNAs (Fig.  2B ). This stimulation was specific for R0-1 and was not observed with several other RNAs. In contrast, Selex RNA R0-8 inhibited the translation of both capped (Fig. 2 A) and uncapped (Fig. 2B) mRNAs. Next, the effects of R8-35 and R0-1 on translation of capped mRNAs were also tested in cell-free S30 lysates prepared from Saccharomyces cerevisiae (19) . The translation of capped mRNAs that lacked 3Ј terminal polyadenosine residues was monitored to exclude the effects of polyadenosine binding protein on translational initiation (24, 31) . Fig. 3 shows that translation of capped reporter mRNA was inhibited by Ϸ70% in the presence of R8-35 RNAs at a 5-fold molar excess over mRNA (i.e., 125 M). At similar concentrations, the control R0-1 RNA did not affect the translation of capped LUC mRNA. R8-35 RNAs displayed a small inhibitory effect (Ϸ10-20% inhibition) on the translation of uncapped mRNAs (data not shown). Again, this suggests that R8-35 exerted its effects by binding to the cap structure and not by antisense inhibition.
The Initiation
Step of Translation Is Inhibited by the Cap Structure-Binding RNA. To determine which step in capdependent translation was inhibited by R8-35 RNA, ribosome binding assays were performed to observe any effect of the cap-binding RNA on the formation of 80S ribosomes. Incubation of 3Ј end-labeled capped Luc mRNA with yeast S30 lysate in the presence of the elongation inhibitor cycloheximide resulted in the formation of 80S complexes that could be visualized after sedimentation through sucrose gradients (Fig.  4A, fraction 4) (24, 32) . Addition of EDTA or m 7 -GTP to the cycloheximide-treated reaction resulted in the disappearance of the 80S complex (Fig. 4A) , strongly suggesting that the 80S complex contains a ribosome (24, 32) . The inhibition of formation of 80S complexes by m 7 -GTP ( Fig. 4A ) was likely due to the binding of m 7 -GTP to the cap-binding protein eIF-4E, thereby reducing the concentration of 40S complexes that are available to mediate loading of ribosomal subunits onto the mRNA (2) . The presence of ribosomes in the 80S peak (Fig. 4A) is further supported by the observation that few 80S complexes were observed in the absence of cycloheximide (Fig. 4B) . Furthermore, formation of 80S complexes was also abrogated in the presence of GMP-PNP, a nonhydrolyzable GTP analog that prevents joining of the 40S and 60S ribosomal subunits (32) (Fig. 4B) . Instead, the radiolabeled RNA sedimented at a lower S value (Fig. 4B, fraction 7 ). Fraction 7 may contain both 43S ribosomal complexes and ribonucleoprotein particles, because addition of m 7 -GTP to GMP-PNP-treated reactions had only a small effect on the sedimentation of the radiolabeled RNA (Fig. 4B) .
Addition of R8-35 RNAs to cycloheximide-treated ribosome-binding reactions decreased the formation of 80S ribosomes (Fig. 4C) Fig. 4A ). Addition of the control RNA R0-1 to the binding reactions did not significantly inhibit the formation of 80S ribosomal complexes. These data show that the cap structurebinding RNA R8-35 affects an initiation step of translation.
DISCUSSION
Employing the SELEX method, a small RNA (R8-35) was selected that binds with high affinity to the cap structure located at the 5Ј end of eukaryotic mRNAs. The selected RNA binds with 1,000-fold higher affinity to m 7 -GTP than to GTP.
In vitro translation studies showed that R8-35 RNA specifically inhibited translation of capped but not uncapped reporter mRNAs in lysates prepared from either human cells or S. cerevisiae. In addition, the translation of a reporter mRNA preceded by the internal ribosome entry site located in the human immunoglobulin heavy-chain binding protein, BiP (33), mRNA was not inhibited in the presence of R8-35 RNAs (data not shown). These data indicate that the cap-binding RNA R8-35 is a specific inhibitor of cap-dependent translation and does not affect cap-independent translation by internal initiation. Ribosome binding studies carried out in the presence of R8-35 RNAs showed a decrease in 80S ribosome complex formation. It is unlikely that R8-35 inhibited the movement of 40S subunits on the mRNA because uncapped mRNAs were translated with equivalent efficiency in the presence or absence of R8-35 RNA. Rather, this finding suggests that R8-35 prevents entry of 40S subunits onto the mRNA by interfering with the association of the cytoplasmic cap-binding protein eIF-4E with the 5Ј cap. At least three classes of RNA molecules existed in the initial unselected SELEX sequence pool-(i) RNAs such as R8-35, which inhibit translation of capped mRNAs; (ii) R0-1-like RNAs which do not inhibit translation of either capped or uncapped mRNAs; and (iii) R0-8-like RNAs which inhibit translation of both capped and uncapped mRNAs-probably by inhibiting the function of a canonical translation factor or by interacting with the mRNA.
Several studies have suggested that the 5Ј terminal cap structure and associated binding proteins have a role in the assembly of splicing complexes at the 5Ј splice sites of 5Ј proximal introns in pre-mRNAs (9, 10) . Preliminary experiments designed to monitor the effects of R8-35 and R0-1 RNAs on the efficiency of intron removal in ␤-globin premRNA, which contains a single intron, showed that addition of R8-35 RNAs to in vitro splicing reactions prevented splicing of this transcript. These data suggest that R8-35 displaces not only the human cytoplasmic cap-binding complex, composed of factors eIF-4E͞eIF-4A͞eIF-4G, from the 5Ј terminal cap structure, but also the human nuclear cap-binding protein complex, composed of factors CBP20 and CBP80 (34) .
Indirect evidence has been provided that CBP80 is required for nucleocytoplasmic mRNA transport (12) . It remains to be tested whether the function of CBP80 complexes is disrupted in the presence of R8-35. The cap structure-binding RNA offers a novel approach to study both cytoplasmic and nuclear cap-dependent processes that occur in eukaryotic cells. The use of such RNA molecules provides an alternative approach to the use of cap analogs and should be useful for both in vitro and in vivo analysis of cap-dependent processes.
